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Biological Consequences of Exposure to Mechanical Vibration: Original Research
Lower Body Acceleration and Muscular
Responses to Rotational and Vertical
Whole-Body Vibration at Different
Frequencies and Amplitudes
Lisa N. Zaidell1, Ross D. Pollock2, Darren C. James1, Joanna L. Bowtell3,
Di J. Newham2, David P. Sumners4, and Katya N. Mileva1
Abstract
Aim: The aim of this study was to characterize acceleration transmission and neuromuscular responses to rotational vibration
(RV) and vertical vibration (VV) at different frequencies and amplitudes.
Methods: Twelve healthy males completed 2 experimental trials (RV vs VV) during which vibration was delivered during either
squatting (30; RV vs VV) or standing (RV only) with 20, 25, and 30 Hz, at 1.5 and 3.0 mm peak-to-peak amplitude. Vibration-
induced accelerations were assessed with triaxial accelerometers mounted on the platform and bony landmarks at ankle, knee,
and lumbar spine.
Results: At all frequency/amplitude combinations, accelerations at the ankle were greater during RV (all P < .03) with the greatest
difference observed at 30 Hz, 1.5 mm. Transmission of RV was also influenced by body posture (standing vs squatting, P < .03).
Irrespective of vibration type, vibration transmission to all skeletal sites was generally greater at higher amplitudes but not at
higher frequencies, especially above the ankle joint. Acceleration at the lumbar spine increased with greater vibration amplitude
but not frequency and was highest with RV during standing.
Conclusions/Implications: The transmission of vibration during whole-body vibration (WBV) is dependent on intensity and
direction of vibration as well as body posture. For targeted mechanical loading at the lumbar spine, RV of higher amplitude and
lower frequency vibration while standing is recommended. These results will assist with the prescription of WBV to achieve
desired levels of mechanical loading at specific sites in the human body.
Keywords
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Introduction
Degenerative losses in both skeletal muscle and bone mass
present a major challenge to health for the aging population.
Therefore, interventions to maintain and improve musculoske-
letal strength in at-risk populations are essential. Whole-body
vibration (WBV) can provide mechanical loading to the body,1
and in some cases, it is thought to be associated with increased
muscle activation.2,3 Correspondingly, since loading and mus-
cle activation are important for bone remodeling,4 WBV has
been used as a novel countermeasure for sarcopenia5 and osteo-
porosis,6 which may help reduce the incidence of bone frac-
tures. Although WBV can be beneficial for maintaining or
increasing bone and muscle strength in younger and older
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populations, this is not always the case5,7,8 and differing results
may be related to habitual activity/loading. Indeed, there is
variability in response to WBV as changes in bone structure
after WBV are not observed across all skeletal sites9 and WBV-
induced muscular activation varies between muscles.3,10
Disparities in the physiological responses to WBV may
in part be due to differences in the responsiveness and sen-
sitivity of tissues within the body to particular vibration
signals. Furthermore, the response to WBV may be reliant
on vibration transmission through the body, which in
turn is dependent on vibration intensity (frequency and
amplitude11-13), direction,14,15 and posture.11,14 In a practi-
cal setup, what the user can achieve through the control
panel of the WBV device could also influence the physio-
logical outcomes. Across studies, amplitudes of <1 to
10 mm peak-to-peak and frequencies between 5 and
50 Hz are generally used, which in combination have the
potential to impose short-duration gravitational loads up to
50 g. In addition, the direction of vibration can be delivered
by vertical or rotational oscillating platforms (Figure 1B).
With vertical vibration (VV), erect standing cannot be tol-
erated due to high vibration transmission to the head,16
while with rotational vibration (RV), standing is suggested.
Hence, postural differences add to an already complex para-
digm for optimal WBV dose prescription.
There has been little distinction made in the literature
between the physiological effects evoked by RV and VV at
differing frequencies and amplitudes or whether the vibration
output of platforms is consistent with the defined input settings.
To achieve desired outcomes from WBV interventions, consid-
eration should be given to the vibration intensity and direction
and how they influence transmission throughout the body.
Therefore, the aim of this study was to characterize the plat-
form acceleration and the acceleration and neuromuscular
response at various sites in the lower body to RV and VV at
different frequencies and amplitudes. Furthermore, the effect
of posture (squatting vs standing) during RV on these measures
was also assessed.
Figure 1. Schematic diagram illustrating (A) the experimental protocol of a full trial, (B) the oscillation direction across the fulcrum of the
vertical vibration (VV) and the rotational vibration (RV) platforms, and (C) the procedures during a single experimental set. During each set, the
vibration was delivered at different randomized combination of vibration frequencies (20, 25, and 30 Hz) and amplitudes (1.5 and 3 mm).
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Methods
Participants
Twelve healthy males (aged 32 [2] years, mass 81 [4] kg, height
1.77 [0.02] m; mean [standard deviation, SD]) participated in
this study. Individuals who had any musculoskeletal disorders,
recent fractures, and cardiovascular or neurological conditions
were excluded. The University Research Ethics Committee
approved the study protocol, and written informed consent was
obtained from each participant.
Experimental Conditions
On 2 occasions separated by at least 7 days, each participant
performed identical protocols on either an RV (Galileo 2000;
Novotec Medical GmbH, Pforzheim, Germany) or a VV (Fit-
vibe Medical; GymnaUniphy, Belgium) platform, which con-
sisted of 6 sets (20-L; 20-H; 25-L; 25-H; 30-L; 30-H) of WBV
with different combinations of vibration frequency (20, 25, and
30 Hz) at low (L: 1.5 mm peak-to-peak) and high (H: 3.0 mm
peak-to-peak) amplitude (Figure 1A). Each set started with two
5-second periods of nonvibrated standing and squatting (WBV
off) followed by a 20-second WBV squatting exercise (WBV
on). During RV, after 15 seconds of WBV squat, participants
were required to stand straight with locked knees for 5 seconds
(Figure 1C). The order of sets was randomly allocated on each
occasion. Two minutes of seated rest separated each set.
During each set, participants assumed a static squat posture
(30 external knee flexion) with arms crossed and held at the
chest while looking straight ahead. The angle of squat was
controlled by the participant using visual feedback displayed
from a knee electrogoniometer. For RV, amplitude is con-
trolled by varying the distance of the feet from the fulcrum
of the platform. The foot separation required during RV to
achieve the 2 vibration amplitudes was replicated on the VV
platform in order to fully match the body posture across trials.
All testing was performed with the participants wearing socks
and without shoes.
Data Acquisition
Electromyography. Muscle activity of the m. gastrocnemius later-
alis (LGas), m. rectus femoris (RF), and m. gluteus maximus
(GMax) from the right leg was recorded using an 8-channel
Bagnoli desktop electromyography (EMG) system with DE-2.1
single differential electrodes (99.9% Ag, 10 mm length, 1 mm
width, 10 mm pole spacing, common mode rejection ratio >80
dB; Delsys Inc, Boston, Massachusetts). The EMG signals
were amplified (1000), band pass filtered between 20 and
450 Hz, and transferred online to a computer via A-D conver-
sion (CED 1401; Cambridge Electronic Design Limited, Cam-
bridge, United Kingdom) with a sampling frequency of 2000
Hz. The EMG electrodes were positioned over the muscle belly
in accordance with SENIAM guidelines.17 Electrodes were
orientated parallel to the longitudinal axis of the muscle fiber
and secured with double-sided adhesive tape after the site was
shaved, lightly abraded, and cleaned with alcohol wipes. The
reference electrode was placed over the patella, and all cables
were twisted together and taped to the body to reduce electrical
and mechanical interference.
Accelerometry. Triaxial accelerations (anterior–posterior, AP;
medial–lateral, ML; and vertical, Ve) were recorded using
light-weight sensors (ACL300 [+10 g range], DataLOG; Bio-
metrics Ltd, United Kingdom) that were calibrated to a global
axis before being attached to the loaded platform (Plat), the
distal anteromedial aspect of the tibia—medial malleolus
(MM), medial epicondyle of the femur (ME), and lumbar ver-
tebra 3 (L3). The data were sampled at 1000 Hz and digitized
via an A-D converter (CED1401 power; Cambridge Electronic
Design Limited). A custom written program (Spike 2; Cam-
bridge Electronic Design Limited) was used to trigger and
synchronously record EMG and acceleration signals. All data
were stored for offline analysis.
Knee joint angle. The angular displacement profile of the knee
joint (flexion/extension) was continuously recorded via a pre-
amplified biaxial electrogoniometer (SG150; Biometrics Sys-
tem, United Kingdom) centered over the lateral epicondyle of
the femur with one end plate attached to the shank and aligned
to the lateral malleolus of fibula and the other to the thigh and
aligned to the greater trochanter of the femur using double-
sided medical tape. The knee flexion angle was set to 0 during
neutral standing position.
Data Analysis
The files containing synchronized EMG, knee joint angle,
and acceleration data were analyzed in Spike 2 software
(Cambridge Electronic Design Limited) using custom written
scripts. Records representing 1 second of data collected during
squatting (RV and VV) and standing (RV only) from each set
were chosen for analysis. Furthermore, 1-second baseline data
(no vibration), recorded at the beginning of each condition,
were analyzed and used for normalization. The DC offset was
removed from the acceleration and EMG signals to account for
gravitational acceleration and movement artifact, respectively.
The root mean square (RMS) amplitude was then derived from
the 1-second EMG (mV) and acceleration (g) profiles.
Vibration-induced artifacts in the raw EMG signals were atte-
nuated using a spectral smoothing procedure.18 Absolute RMS
EMG amplitude recorded during squatting in RV and VV (and
standing in RV) is presented for all muscles. Muscle activity
during WBV while squatting was normalized to baseline (non-
vibrated squatting) to account for the posture-induced muscle
activity. However, during nonvibrated standing, muscle activ-
ity was within 2SD of background EMG baseline level; thus,
only absolute data were compared between the sets.
The 3 axes of acceleration were considered individually for
each platform but also used to calculate resultant (RES) accel-
eration (Equation 1). For skeletal sites: MM, ME, and L3,
accelerometers were positioned to correspond to AP, ML, and
Zaidell et al 3
Ve directions. However, the curvature of the landmarks
resulted in slightly different orientations of accelerometers
across participants, and thus, the individual planes of move-
ment were not identical across participants. To overcome this,
RES was determined and analyzed to represent the total mag-
nitude of mechanical loading.
RES ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AP2 þML2 þ Ve2
p
ð1Þ
Statistical Analyses
Data were summarized as mean (SD). Acceleration and EMG
data were not normally distributed (Shapiro-Wilk); therefore
Friedman test for repeated measures (SPSS 18.0) was used to
compare EMG and acceleration: (1) between RV vs VV squat-
ting at corresponding frequency and amplitude, (2) between
vibration frequencies (0, 20, 25, and 30 Hz) for each vibration
direction, (3) between vibration amplitudes (low and high) for
each vibration direction, and (4) between standing and squat-
ting (RV only). Significance was set at P < .05 in all cases.
Results
Acceleration Amplitude of the VV and RV Platforms
Despite setting the WBV platforms to produce the same vibra-
tion frequencies and amplitudes, the recorded acceleration out-
put significantly differed between RV and VV conditions along
all 3 axes (Figure 2). The differences between platforms were
frequency dependent; vertical acceleration (Ve) was greater at
20 Hz with VV (L, H: P < .03) and at 25 and 30 Hz with RV
(P ¼.001). Mediolateral acceleration was greater with RV
(P ¼ .001), and AP acceleration was greater at 20 and 25 Hz
with VV (L, H: P  .004). Greater RES occurred with RV
(P < .004) except at 20-H (Figure 3).
Higher vibration frequencies resulted in greater Ve accel-
eration for both platforms (P ¼ .001) with greater ML (P ¼
.001) and AP (P < .03) accelerations for RV only. The RES
acceleration was also greater at higher frequencies (P  .004)
except VV 25-L versus 20-L. High-amplitude vibration (3 vs
1.5 mm) led to greater Ve (P ¼ .001), ML (RV: 25 Hz, P ¼
.001; VV: 20 Hz, P ¼ .004), AP (VV: 20-H, 25-H; RV: 25-H,
30-H; P < .03; Figure 2), and RES (P ¼ .001; Figure 3).
Resultant Acceleration Amplitude at Skeletal Sites During
Squat Posture with VV and RV
Medial malleolus. At all frequency and amplitude combinations,
greater acceleration at the MM occurred with RV than VV
(P < .03; Figure 3). Medial malleolus acceleration was greater
at higher frequencies (P < .004) and amplitude (P < .004).
Medial epicondyle. Rotational vibration and VV produced simi-
lar acceleration at ME (Figure 3), except at 30-H where accel-
eration was greater with RV (P ¼ .004). Similar ME
acceleration was observed across frequencies, except RV
25-H was greater than 30-H (P ¼ .001) and greater
RES occurred with higher amplitude WBV (P < .004).
L3 vertebral spinal process. Acceleration tended to be higher for
RV than VV but reached statistical significance only at 20-H
(P ¼ .021; Figure 3). Higher frequencies of vibration resulted
in greater RES, but this difference was significant only between
25 and 30 Hz (P < .03). Greater RES occurred at higher
amplitude WBV (P  .004).
Figure 2. Triaxial accelerations produced by the vertical and rota-
tional whole-body vibration (WBV) platforms during different combi-
nations of vibration frequency and amplitudes. Mean (SD) platform
acceleration (root mean square [RMS] g) in vertical (Ve), mediolateral
(ML), anterior–posterior (AP) directions. Significantly different
(P < .05): *versus vertical vibration (VV), #versus low amplitude vibra-
tion, $versus 20 Hz,˚versus 25 Hz.
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Effect of Posture on Resultant Acceleration During
Rotational Vibration
Medial malleolus. The RES was similar during standing and
squatting at 20 and 25 Hz; greater RES occurred with squatting
than standing at 30 Hz (30-L: P ¼ .001; 30-H P ¼ .004;
Figure 3). Increasing the amplitude (P ¼ .001) and frequency
(P < .03) of vibration led to greater acceleration at MM during
both standing and squatting.
Medial epicondyle. The RES was greater during standing versus
squatting at 20 and 25 Hz (P .03; Figure 3). During standing,
acceleration increased with frequency only for 25 versus 30 Hz
(P < .03). Acceleration during standing was greater at high-
amplitude vibration (P  .004).
L3 vertebral spinal process. The RES was greater with standing
versus squatting at 20 and 25 Hz (P  .004; Figure 3). Accel-
eration during standing increased with greater vibration ampli-
tude (P < .03), but not frequency.
Electromyography RMS Amplitude
Lateral gastrocnemius. Whole-body vibration increased the
activity during squatting (VV: P < .04; RV: P < .03,
Figure 4) except during RV 20-L (P ¼ .25); differences in
amplitude between VV and RV were not observed. During
RV standing, activity increased with all WBV conditions
(P¼ .001) and was greater compared with that observed during
squatting (P < .03). Activity did not increase with vibration
amplitude or frequency, except for RV 20-L versus 25-L during
squatting (P ¼ .021).
Rectus femoris. Activity increased during squatting only with
vibration at 30-H (VV: P ¼ .034; RV: P ¼ .004; Figure 4)
which was significantly greater with RV than VV (P ¼ .021).
During squatting, increasing the frequency of vibration
increased activity only with RV (P  .03) with no amplitude
effect observed for either VV or RV. Activity was greater
during standing versus squatting with 20-H RV only (P 
.03). During standing, activity increased with RV of 25-H only,
and increasing the frequency and amplitude did not alter RF
activity during standing RV.
Gluteus maximus. Activation increased significantly (vs non-
vibration) during squatting with VV only (20-L, 30-H: P <
.04; Figure 3) and was not different between RV and VV.
Activity did not increase with frequency or high-amplitude
vibration and was not affected by posture.
Figure 3. Effect of oscillation direction, frequency, and amplitude of
vibration on the resultant acceleration (mean[SD]) recorded during
squatting and standing on a vertical and rotational platforms at
Figure 3. (Continued). different sites: platform surface, medial mal-
leolus (MM), medial epicondyle (ME), lumbar spinal vertebral process
3 (L3), and combination of vibration frequencies (20, 25, and 30 Hz)
and amplitudes (L: low; H: high). Significantly different (P < .05): *ver-
sus vertical vibration (VV); #versus low amplitude vibration; $versus
20 Hz;˚versus 25 Hz;
cversus squat posture.
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Discussion
Vibration Acceleration
The present investigation highlights the importance of ensuring
that evaluation of WBV effects and its prescription is specific
to the mode of vibration used. Despite the same input vibration
characteristics (frequency and amplitude) being used, the resul-
tant acceleration produced during RV was greater than during
VV indicating that the output of the platforms does not neces-
sarily reflect the platform settings. Although the greatest levels
of acceleration were produced in the vertical (Ve) direction by
both platforms, these were different between platforms. Lower
Ve acceleration observed during VV at higher frequencies is
likely to be explained by decreased amplitude of the VV plat-
form with increasing vibration frequency (data not shown).
This suggests an inability of the VV platform to reach the
desired amplitude at higher frequencies—a finding previously
reported with other VV platforms14,19 and recently with RV.20
The greater magnitudes of resultant acceleration during RV
compared with VV demonstrate that RV will deliver higher
levels of mechanical loading compared with VV.
The intensity of vibration-induced acceleration at bony
landmarks on the tibia, femur, and spine was measured with
the findings supporting an attenuation of vibration as it ascends
proximally through the lower extremities12,21 due to pas-
sive22,23 and active24 damping mechanisms. At the lumbar
region (L3), accelerations were reduced (up to *10 times)
relative to those produced at platform level for both RV and
VV, falling <1 RMS g and in some cases below those known to
be anabolic to bone (0.3 g25), for example, setting of both RV
and VV to 20 Hz frequency and 1.5 mm amplitude (Figure 3).
Since the lumbar spine is a common site of osteoporosis,26 this
finding is important for the use of WBV in the targeted treat-
ment and prevention of metabolic bone disorders. Although
vibration damping by leg musculature may be responsible for
the negligible effects of WBV on whole-body bone mineral
density (BMD), increases in lumbar spine BMD with WBV
have been observed and are reported to be dependent on body
posture and the direction and intensity of vibration.27
Greater vibration damping was shown to occur with RV
across all conditions tested. Accelerations reaching L3 were
generally lower with RV perhaps due to damping induced from
the side-to-side motion at the hip joint.14,28 An important
aspect of RV is its greater tolerance during standing posture
which, in the current study, induced nearly 2-fold greater accel-
eration at L3 compared to squatting, although this was still
heavily damped. This effect of posture has also been reported
with VV.29 Notably, the greater acceleration at the lumbar
spine during RV standing compared with squatting also
exceeded the magnitudes produced with VV during squatting.
Training studies show greater improvements in spine BMD27,30
with RV rather than VV, especially during standing.27,31 This
finding is particularly pertinent for effective treatment of the
lumbar region.
Reduced acceleration was observed at the medial epicon-
dyle compared to that at the medial malleolus and demonstrates
an attenuation of vibration transmission at sites more distal to
the platform as previously reported.11,13,2,32 The knee joint may
act as a major contributor to damping and better acceleration
transmission is likely to occur during standing during WBV
due to the “cushioning” effect of the knee flexion which
Figure 4. Effect of oscillation direction, frequency, and amplitude of
vibration, and body posture on muscle activation during squatting or
standing on a vertical or rotational whole-body vibration platform
operating at combinations of vibration frequencies (20, 25, and
30 Hz) and amplitudes (L: low; H: high). EMG RMS amplitude (mean
[SD], n ¼ 12) was normalized to baseline activity without vibration
and recorded from: (A) m. gastrocnemius lateralis (LGas), (B) m.
rectus femoris (RF), (C) m. gluteus maximus (GMax). Significantly
different (P < .05): *versus vertical vibration (VV); #versus low ampli-
tude vibration; $versus 20 Hz; ˚versus 25 Hz;
‚versus control (no
vibration); cversus squat posture.
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modulates impact transmission during gait.23 Above the knee,
vibration acceleration loading of *1 to 2.5 RMS g was
observed, and thus, complete attenuation of vibration did not
occur. Borer (2005)33 suggested that a strain threshold must be
exceeded for bone remodeling; however, this may be depen-
dent on several factors including strain direction, magnitude
and rate, the number of loading cycles, and the distribution
of loading.34 Short bouts of physical activity at intensities 1
g (eg, running) and 0.75 g (eg, slow jogging) in pre- and
postmenopausal women are positively associated with bone
health.35 Higher magnitudes of mechanical loading that occur
during intense physical activity are osteogenic36 and may only
require brief bouts or few cycles of loading.25 Despite reduced
transmission above the knee, the level of mechanical loading is
likely to represent a stimulus sufficient for bone anabolism.37-39
With the higher magnitudes of loading observed in the current
study, depending on the targeted site, WBV exposure of short
duration may elicit positive osteogenic effects.
Despite attenuation of acceleration at both knee and spine,
attenuation through the body is not linear. Compared to plat-
form levels, amplification of the resultant accelerations at the
ankle was observed with both RV and VV (Figure 3), which is
in line with recent research on VV29,40 and RV.41 Previous
research indicate that shank acceleration is greater at lower
frequencies,11,42 with Crewther et al1 reporting greater trans-
mission during 20 Hz VV compared with 10 and 30 Hz. Frie-
senbichler et al41 reported that peak acceleration at the shank
increased with increasing vibration (RV) frequency, although a
concomitant decrease in vibration transmissibility was also
observed from platform to shank. Here, greater acceleration
at the ankle occurred at higher frequencies (and amplitude)
of both RV and VV. Differences between study findings most
likely relate to factors such as accelerometer placement, trans-
mission calculation, and the vibration frequencies and ampli-
tudes employed.
When matched for frequency and amplitude, RV imparted
greater mechanical load at the ankle than VV. This is likely due
to the higher magnitude of acceleration generated by the plat-
form but may also be influenced by the direction of accelera-
tion and differences in damping strategies employed by the
musculoskeletal system.43 At 20 Hz high-amplitude vibration,
platform acceleration was similar between RV and VV but
different at the ankle. This demonstrates that the direction of
vibration application alters its transmission through the foot–
ankle complex. Since vibration transmission is closely related
to the dynamic characteristics of the foot and ankle complex, it
is possible that RV and VV impose different levels of mass
loading at the foot which alters compression, stiffness, reso-
nance frequency,44 and hence transmission to the shank. Stand-
ing during RV resulted in lower levels of ankle acceleration (vs
RV squatting); however, these were still relatively high (up to
*7 RMS g). Therefore, this finding requires consideration in
the use of WBV with osteopenic/osteoporotic individuals.
Although no adverse effects of WBV at frequencies and ampli-
tudes similar to those used here have been reported by training
studies in older populations,39,45,46 caution is warranted over
high magnitudes of loading particularly for the fragile
skeleton.25
Muscle Activity
In the current study, vibration activated musculature in the
shank, thigh, and hip regions in some, but not all, conditions.
The m. lateral gastrocnemius (LGas) appeared to be most con-
sistently activated by both RV and VV across conditions, while
the m. rectus femoris (RF) was significantly greater than base-
line only at 30 Hz high-amplitude vibration. Vibration-induced
activation of the m. gluteus maximum (GMax) above quiet
standing was seen only with VV at 20 Hz low- and 30 Hz
high-amplitude vibration. GMax activity was similar in VV
and RV and also during RV standing and squatting. Increases
in muscular activity with WBV is not a universal finding47 and
appears to be dependent on vibration frequency and external
loading.2 High interindividual variability in muscle activity
across a range of frequencies (30-50 Hz) has been reported.29
Although other research3,48 report that muscle activity tends to
be greater with RV, the findings of the current study generally
do not support this notion.3,48
The more consistent activation of the LGas with WBV is
likely related to high vibration transmission from platform to
ankle irrespective of the frequency and amplitude of vibration.
However, when matched frequency and amplitude of vibration
were set using the platform interface, LGas activation was
similar between RV and VV despite differences in ankle accel-
eration. Thus, vibration transmission may not be the primary
mediator of muscle activation. The similar levels of LGas acti-
vation in response to WBV at around 25 to 35 Hz may poten-
tially be due to this frequency range being close to the muscle’s
resonance frequency.32 The function of this muscle in postural
control may also contribute to its activation during unstable
standing.49 Indeed, greater LGas activity was observed with
standing than squatting (RV), and therefore, factors other than
vibration transmission,14 such as posture and the associated
changes in joint and muscle stiffness and muscle tension, may
modulate vibration-induced muscle activation.50
Whether vibration transmission is the modulating factor or
not, it is thought that muscles more distal to the platform are
less consistently activated with WBV than those more proxi-
mal.2,32 At thigh, greater neuromuscular activation has been
shown to occur with RV3 and at higher frequencies and ampli-
tudes.2 Activation of the m. vastus lateralis is more commonly
reported and has been observed with both VV and RV.3 Acti-
vation of the m. vastus lataralis and medialis but not the rectus
femoris during WBV of similar frequencies34 suggests biarti-
cular and monoarticular muscles may produce different
responses to WBV.51 Here, RF muscle activation was augmen-
ted by standing posture (vs squatting RV), but this only reached
statistical significance with 20 Hz amplitude vibration. Consis-
tent with the literature, activation of the GMax was lower than
other lower limb muscles during WBV13 with no clear dose–
response relationship seen with peak platform acceleration.29
Activation of upper leg musculature may require higher
Zaidell et al 7
vibration amplitudes and frequencies (>4 mm and >30 Hz),2
while different body postures such as deep squat48 or dynamic
exercise52 may be more effective. Static standing during WBV,
however, has led to more pronounced muscle activation in
older adults.53 Furthermore, inconsistent muscle activation in
the current study may also be due to the brief WBV exposure
period applied; longer exposures may be necessary for eliciting
or maximizing the tonic vibration reflex.42
Recommendations
Differences were observed between the 2 platforms through
characterizing acceleration and muscular responses at various
sites in the lower body to different frequencies and amplitudes
and with reference to the posture assumed. These differences
should be considered when designing WBV protocols. For
example, the posture assumed alters the transmission of vibra-
tion through the body; if erect standing is the most practical
posture to assume, then RV may be the safest platform to use to
minimize head vibration. If the platform has limited frequency
and amplitude settings, then different postures may be used to
manipulate vibration transmission to specific body sites.
To maximize mechanical loading below the knee, the use of
30 Hz in combination with the higher amplitude seems most
advantageous, particularly during squatting with RV for the
parameters investigated here. However, for those with the more
frail skeletons, using VV rather than RV can reduce mechanical
loading at the ankle. Alternatively, adopting a standing posture
during higher frequency RV or lowering the frequency and
amplitude of vibration reduces loading of the lower leg.
For targeted mechanical loading of the lumbar spine, it
appears optimal to adopt a standing stance on RV platform;
the greatest magnitudes of acceleration were observed at high
amplitude irrespective of vibration frequency. This increased
transmission to the spine at 20 and 25 Hz compared with a
squat posture, without affecting loading at the ankle. Given the
above considerations, when targeting the lumbar spine,
rotational-based WBV of 20 or 25 Hz (3.0 mm peak-to-peak
amplitude) while standing, a posture more user-friendly, espe-
cially for those with balance problems, is recommended. The
use of 25 Hz, 3.0 mm RV during standing also has the advan-
tage of activating the thigh (RF) and shank (LGas) muscula-
ture, which may be beneficial for bone perfusion and muscle
strengthening.
Conclusions and Implications
 Informed choice of WBV platform and protocol should
be made to achieve specific outcomes from vibration
training since differences in acceleration output, trans-
missibility, and muscle activation exist between RV and
VV of varying frequencies and ampitudes.
 Adopting a standing posture on a RV platform operating
at high amplitude and lower frequencies is optimal for
targeted mechanical loading of the lumbar spine and
activation of the shank and thigh musculature without
additional loading of the ankle joint.
 By enabling standing postures, RV may be more suitable
for populations unable to maintain balance during
squatting.
Acknowledgments
The authors would like to express our gratitude to Mr W. Anderson
(London South Bank University) and Ms Lindsey Marjoram (King’s
College London) for their expert technical assistance and help with the
experimental setup of this study.
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.
Funding
The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: L.Z. was
supported by the Research Opportunity Fund from London South
Bank University. R.P. was supported by funding from the Research
into Ageing programme from Age UK. The funders had no role in
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.
References
1. Crewther B, Cronin J, Keogh J. Gravitational forces and whole
body vibration: implications for prescription of vibratory stimula-
tion. Phys Ther Sport. 2004;5(1):37-43. doi:10.1016/j.ptsp.2003.
11.004.
2. Hazell TJ, Jakobi JM, Kenno KA. The effects of whole-body
vibration on upper- and lower-body EMG during static and
dynamic contractions. Appl Physiol Nutr Metab. 2007;32(6):
1156-1163. doi:10.1139/H07-116.
3. Abercromby AFJ, Amonette WE, Layne CS, McFarlin BK,
Hinman MR, Paloski WH. Variation in neuromuscular
responses during acute whole-body vibration exercise. Med Sci
Sports Exerc. 2007;39(9):1642-1650. doi:10.1249/mss.
0b013e318093f551.
4. Ward K, Alsop C, Caulton J, Rubin C, Adams J, Mughal Z. Low
magnitude mechanical loading is osteogenic in children with
disabling conditions. J Bone Miner Res. 2004;19(3):360-369.
doi:10.1359/JBMR.040129.
5. Kemmler W, von Stengel S. Alternative exercise technologies to
fight against sarcopenia at old age: a series of studies and review.
J Aging Res. 2012;2012:109013. doi:10.1155/2012/109013.
6. Dionello CF, Sa´-Caputo D, Pereira HV, et al. Effects of whole
body vibration exercises on bone mineral density of women with
postmenopausal osteoporosis without medications: novel findings
and literature review. J Musculoskelet Neuronal Interact. 2016;
16(3):193-203.
7. Totosy de Zepetnek JO, Giangregorio LM, Craven BC. Whole-
body vibration as potential intervention for people with low bone
mineral density and osteoporosis: a review. J Rehabil Res Dev.
2009;46(4):529-542.
8 Dose-Response: An International Journal
8. Chen H, Ma J, Lu B, Ma X. The effect of whole-body vibration
training on lean mass. Medicine (Baltimore). 2017;96(45):e8390.
doi:10.1097/MD.0000000000008390.
9. Go´mez-Cabello A, Ara I, Gonza´lez-Agu¨ero A, Casaju´s JA, Vice-
nte-Rodrı´guez G. Effects of training on bone mass in older adults:
a systematic review. Sports Med. 2012;42(4):301-325. doi:10.
2165/11597670-000000000-00000.
10. Roelants M, Verschueren SMP, Delecluse C, Levin O, Stijnen V.
Whole-body-vibration-induced increase in leg muscle activity
during different squat exercises. J Strength Cond Res. 2006;
20(1):124-129. doi:10.1519/R-16674.1.
11. Cook D, Mileva K, James D, Zaidell L, Goss V, Bowtell J. Triax-
ial modulation of the acceleration induced in the lower extremity
during whole-body vibration training: a pilot study. J Strength
Cond Res. 2011;25(2):298-308.
12. Kiiski J, Heinonen A, Ja¨rvinen TL, Kannus P, Sieva¨nen H.
Transmission of vertical whole body vibration to the human body.
J Bone Miner Res. 2008;23(8):1318-1325. doi:10.1359/jbmr.
080315.
13. Pollock RD, Woledge RC, Mills KR, Martin FC, Newham DJ.
Muscle activity and acceleration during whole body vibration:
effect of frequency and amplitude. Clin Biomech (Bristol, Avon).
2010;25(8):840-846. doi:10.1016/j.clinbiomech.2010.05.004.
14. Abercromby AFJ, Amonette WE, Layne CS, McFarlin BK,
Hinman MR, Paloski WH. Vibration exposure and biodynamic
responses during whole-body vibration training. Med Sci
Sports Exerc. 2007;39(10):1794-1800. doi:10.1249/mss.
0b013e3181238a0f.
15. Pel JJM, Bagheri J, van Dam LM, et al. Platform accelerations of
three different whole-body vibration devices and the transmission
of vertical vibrations to the lower limbs. Med Eng Phys. 2009;
31(8):937-944. doi:10.1016/j.medengphy.2009.05.005.
16. Muir J, Kiel DP, Rubin CT. Safety and severity of accelerations
delivered from whole body vibration exercise devices to standing
adults. J Sci Med Sport. 2013;16(6):526-531. doi:10.1016/j.jsams.
2013.01.004.
17. Hermens H, Freriks B, Disselhorst-Klug C, Rau G. Development
of recommendations for SEMG sensors and sensor placement
procedures. J Electromyogr Kinesiol. 2000;10(5):361-374.
18. Mileva K, Bowtell J, Kossev A. Effects of low-frequency whole-
body vibration on motor-evoked potentials in healthy men. Exp
Physiol. 2009;94(1):103-116.
19. Bressel E, Smith G, Branscomb J. Transmission of whole body
vibration in children while standing. Clin Biomech (Bristol,
Avon). 2010;25(2):181-186. doi:10.1016/j.clinbiomech.2009.10.
016.
20. Fares E-J, Charrie`re N, Montani J-P, Schutz Y, Dulloo AG, Miles-
Chan JL. Energy expenditure and substrate oxidation in response
to side-alternating whole body vibration across three commonly-
used vibration frequencies. PLoS One. 2016;11(3):e0151552. doi:
10.1371/journal.pone.0151552.
21. Rubin C, Pope M, Fritton JC, Magnusson M, Hansson T, McLeod
K. Transmissibility of 15-hertz to 35-hertz vibrations to the
human hip and lumbar spine: determining the physiologic feasi-
bility of delivering low-level anabolic mechanical stimuli to ske-
letal regions at greatest risk of fracture because of osteoporosis.
Spine (Phila Pa 1976). 2003;28(23):2621-2627. doi:10.1097/01.
BRS.0000102682.61791.C9.
22. Tributsch H, Copf F, Copf P, Hindenlang U, Niethard FU,
Schneider R. Nano-material aspects of shock absorption in bone
joints. Open Biomed Eng J. 2010;4:257-262. doi:10.2174/
1874120701004010257.
23. Lafortune MA, Hennig EM, Lake MJ. Dominant role of interface
over knee angle for cushioning impact loading and regulating
initial leg stiffness. J Biomech. 1996;29(12):1523-1529.
24. Wakeling J, Nigg B, Rozitis A. Muscle activity damps the soft
tissue resonance that occurs in response to pulsed and continuous
vibrations. J Appl Physiol. 2002;93(3):1093-1103.
25. Rubin C, Judex S, Qin YX. Low-level mechanical signals and
their potential as a non-pharmacological intervention for osteo-
porosis. Age Ageing. 2006;35(suppl 2):ii32-ii36. doi:10.1093/age-
ing/afl082.
26. Wysocki A, Butler M, Shamliyan T, Kane RL. Whole-body vibra-
tion therapy for osteoporosis: state of the science. Ann Intern Med.
2011;155(10):680-686, W206-W213. doi:10.7326/0003-4819-
155-10-201111150-00006.
27. Fratini A, Bonci T, Bull AMJ. Whole body vibration treatments in
postmenopausal women can improve bone mineral density:
results of a stimulus focussed meta-analysisNazarian A, ed. Plos
One. 2016;11(12):e0166774. doi:10.1371/journal.pone.0166774.
28. Rittweger J, Schiessl H, Felsenberg D. Oxygen uptake during
whole-body vibration exercise: comparison with squatting as a
slow voluntary movement. Eur J Appl Physiol. 2001;86(2):
169-173.
29. Tankisheva E, Jonkers I, Boonen S, et al. Transmission of
whole-body vibration and its effect on muscle activation.
J Strength Cond Res. 2013;27(9):2533-2541. doi:10.1519/JSC.
0b013e31827f1225.
30. Oliveira LC, Oliveira RG, Pires-Oliveira DAA. Effects of whole
body vibration on bone mineral density in postmenopausal
women: a systematic review and meta-analysis. Osteoporos Int.
2016;27(10):2913-2933. doi:10.1007/s00198-016-3618-3.
31. Lai CL, Tseng SY, Chen CN, et al. Effect of 6 months of whole
body vibration on lumbar spine bone density in postmenopausal
women: a randomized controlled trial. Clin Interv Aging. 2013;8:
1603-1609. doi:10.2147/CIA.S53591.
32. Di Giminiani R, Masedu F, Padulo J, Tihanyi J, Valenti M. The
EMG activity–acceleration relationship to quantify the optimal
vibration load when applying synchronous whole-body vibration.
J Electromyogr Kinesiol. 2015;25(6):853-859. doi:10.1016/j.jele-
kin.2015.09.004.
33. Borer KT. Physical activity in the prevention and amelioration of
osteoporosis in women. Sports Med. 2005;35:779-830. doi:10.
2165/00007256-200535090-0004.
34. Ozcivici E, Luu YK, Adler B, et al. Mechanical signals as
anabolic agents in bone. Nat Rev Rheumatol. 2010;6(1):50-59.
doi:10.1038/nrrheum.2009.239.
35. Stiles VH, Metcalf BS, Knapp KM, Rowlands AV. A
small amount of precisely measured high-intensity habitual phys-
ical activity predicts bone health in pre- and post-menopausal
women in UK Biobank. Int J Epidemiol. 2017;46(6):
1847-1856. doi:10.1093/ije/dyx080.
Zaidell et al 9
36. Allison SJ, Folland JP, Rennie WJ, Summers GD, Brooke-Wavell
K. High impact exercise increased femoral neck bone mineral
density in older men: a randomised unilateral intervention. Bone.
2013;53(2):321-328. doi:10.1016/j.bone.2012.12.045.
37. Gilsanz V, Wren TAL, Sanchez M, Dorey F, Judex S, Rubin C.
Low-level, high-frequency mechanical signals enhance muscu-
loskeletal development of young women with low BMD. J Bone
Miner Res. 2006;21(9):1464-1474. doi:10.1359/jbmr.060612.
38. Rubin C, Recker R, Cullen D, Ryaby J, McCabe J, McLeod K.
Prevention of postmenopausal bone loss by a low-magnitude,
high-frequency mechanical stimuli: a clinical trial assessing com-
pliance, efficacy, and safety. J Bone Miner Res. 2004;19(3):
343-351. doi:10.1359/JBMR.0301251.
39. Verschueren SMP, Roelants M, Delecluse C, Swinnen S, Van-
derschueren D, Boonen S. Effect of 6-month whole body vibration
training on hip density, muscle strength, and postural control in post-
menopausal women: a randomized controlled pilot study. J Bone
Miner Res. 2004;19(3):352-359. doi:10.1359/JBMR.0301245.
40. Baret M, Katz R, Lamy J, Pe´nicaud A, Wargon I. Evidence for
recurrent inhibition of reciprocal inhibition from soleus to tibialis
anterior in man. Exp brain Res. 2003;152(1):133-136.
41. Friesenbichler B, Lienhard K, Vienneau J, Nigg BM. Vibration
transmission to lower extremity soft tissues during whole-body
vibration. J Biomech. 2014;47(12):2858-2862. doi:10.1016/j.jbio-
mech.2014.07.028.
42. Zaidell LN, Mileva KN, Sumners DP, Bowtell JL. Experimental
evidence of the tonic vibration reflex during whole-body vibration
of the loaded and unloaded leg. Plos One. 2013;8(12):e85247.
doi:10.1371/journal.pone.0085247.
43. Schmitt S, Gu¨nther M. Human leg impact: energy dissipation
of wobbling masses. Arch Appl Mech. 2010;81(7):887-897.
doi: 10.1007/s00419-010-0458-z.
44. Wee H, Voloshin A. Transmission of vertical vibration to the
human foot and ankle. Ann Biomed Eng. 2013;41(6):1172-1180.
doi:10.1007/s10439-013-0760-3.
45. Pollock RD, Martin FC, Newham DJ. Whole-body vibration in
addition to strength and balance exercise for falls-related func-
tional mobility of frail older adults: a single-blind randomized
controlled trial. Clin Rehabil. 2012;26(10):915-923. doi:10.
1177/0269215511435688.
46. von Stengel S, Kemmler W, Engelke K, Kalender WA. Effect of
whole-body vibration on neuromuscular performance and body
composition for females 65 years and older: a randomized-
controlled trial. Scand J Med Sci Sports. 2012;22(1):119-127.
doi:10.1111/j.1600-0838.2010.01126.x.
47. Avelar NCP, Ribeiro VGC, Mezeˆncio B, et al. Influence of the
knee flexion on muscle activation and transmissibility during
whole body vibration. J Electromyogr Kinesiol. 2013;23(4):
844-850. doi:10.1016/j.jelekin.2013.03.014.
48. Ritzmann R, Gollhofer A, Kramer A. The influence of vibration
type, frequency, body position and additional load on the neuro-
muscular activity during whole body vibration. Eur J Appl Phy-
siol. 2013;113(1):1-11. doi:10.1007/s00421-012-2402-0.
49. Winter D. Human balance and posture control during standing
and walking. Gait Posture. 1995;3(4):193-214. doi:10.1016/
0966-6362(96)82849-9.
50. Kitazaki S, Griffin MJ. Resonance behaviour of the seated human
body and effects of posture. J Biomech. 1998;31(2):143-149.
51. Voronov AV. The role of monoarticular and biarticular muscles
of the lower limb in ground locomotion [in Russian]. Fiziol Che-
loveka. 2004;30(4):114-123.
52. Munera M, Bertucci W, Duc S, Chiementin X. Transmission
of whole body vibration to the lower body in static and dynamic
half-squat exercises. Sport Biomech. 2016;15(4):409-428.
doi:10.1080/14763141.2016.1171894.
53. Lam FMH, Liao LR, Kwok TCY, Pang MYC. The effect of
vertical whole-body vibration on lower limb muscle activation
in elderly adults: influence of vibration frequency, amplitude and
exercise. Maturitas. 2016;88:59-64. doi:10.1016/j.maturitas.
2016.03.011.
10 Dose-Response: An International Journal
